Comparative sequence analysis of different isolates of hepatitis G virus (HGV) has demonstrated significant intersubject genetic heterogeneity, but few data on intrasubject genetic evolution have been reported. To further investigate the genetic diversification of the HGV genome, 36 plasma samples from eleven patients chronically infected with HGV serially obtained 2-4 years apart were analysed. We determined the viral nucleotide sequence of the 5h non-coding (NC) and the NS3 regions by directly sequencing the RT-PCR amplified products obtained from the viral RNAs. Intrasubject sequence
Introduction
The recently discovered hepatitis G virus (HGV or GBV-C) has a similar genome organization to that of hepatitis C virus (HCV) and belongs to the family Flaviviridae (Simons et al., 1995 ; Linnen et al., 1996 ; Leary et al., 1996) . Although HGV can cause acute and persistent infection in humans, the association of HGV with disease remains unclear. To date, current data do not support a clear implication of HGV in the aetiology of non-A-E hepatitis (Alter et al., 1997 ; Pessoa et al., 1998 ; Guilera et al., 1998) .
As shown for HCV isolates, HGV has revealed significant sequence heterogeneity among different virus isolates (Pickering et al., 1997 ; Viazov et al., 1997 ; Muerhoff et al., 1996 Muerhoff et al., , 1997 Khudyakov et al., 1997 ; Iba! n4 ez et al., 1998) . Likewise, sequence variation is not evenly distributed along the HGV genome. Phylogenetic analysis of HGV within different coding and non-coding (NC) regions shows a different Author for correspondence : Miguel-Angel Martı! nez.
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variation was found to be 1n3-2n4i10 N 3 base substitutions per genome site per year within the 5h NC region and 1n3-9n4i10 N 3 base substitutions per genome site per year within the NS3 region. Depending on the genomic region analysed (i.e. 5h NC or NS3 region), pairwise comparisons and phylogenetic reconstructions showed that intersubject genetic distances were 17n5-to 20n8-fold greater than intrasubject ones. Overall, the evolution rate of HGV in the regions analysed is not significantly different from that found in hepatitis C virus.
pattern of variation from that of HCV (Pickering et al., 1997 ; Muerhoff et al., 1997 ; Khudyakov et al., 1997 ; Iba! n4 ez et al., 1998) . Throughout the HGV genome, non-synonymous substitutions are much lower than synonymous substitutions and no hypervariable region, similar to the hypervariable region that exists in the N-terminal of the envelope 2 gene of HCV, has been identified (Muerhoff et al., 1997 ; Wang et al., 1997) . Due to the similarity of the genomic organization of HCV and HGV, a similar degree of genomic heterogeneity might be expected for these two viruses. However, the apparent different pathogenicity of each virus, which probably reflects a different interaction with the host, suggests that the genetic evolution of both viruses may be under different selective constraints.
The mutation frequency of HCV in a chronically infected subject has been estimated to be 1n9i10 −$ base substitutions per genome site per year (sub\nt\year). The nucleotide changes were unevenly distributed throughout the genome, ranging from 0n6i10 −$ sub\nt\year within the 5h NC region to 2n7-3n4i10 −$ sub\nt\year within the N terminus of the E2 region (Ogata et al., 1991 ; Kurosaki et al., 1994 ; Sakamato et al., 1994 ; Bukh et al., 1995) .
In contrast to the extensive investigations carried out on 0001-5723 # 1998 SGM interpatient HGV sequence heterogeneity (Pickering et al., 1997 ; Viazov et al., 1997 ; Muerhoff et al., 1997 ; Khudyakov et al., 1997 ; Iba! n4 ez et al., 1998 ; and references therein), so far there has been a lack of data regarding sequential intrapatient HGV sequence variation. In the present study, we have compared the nucleotide sequence of the 5h NC and NS3 regions of different HGV isolates serially obtained from plasma samples of eleven chronically infected patients over a 4 year period.
Methods
Study subjects. Thirty-six plasma samples obtained from eleven HGV chronically infected subjects (Iba! n4 ez et al., 1998) were used as the source of viral RNA. All subjects were co-infected with human immunodeficiency virus type 1 (HIV-1) and eight of them were also coinfected with HCV (Iba! n4 ez et al., 1998) . The eleven patients had stable CD4 counts during the follow-up period (mean 37 months ; range 20-40 months). The median CD4 count was 379 (range 84-902) at baseline and 372 cells\µl (range 66-860) after 20-40 months of follow-up.
RNA extraction, cDNA synthesis and PCR amplification. RNA was extracted from 100 µl plasma as described by Boom et al. (1990) based on a guanidinium-thiocyanate lysis buffer and Glassmilk (Sigma), and resuspended in 400 µl TE buffer. After viral RNA isolation, 50 µl resuspended RNA was reverse transcribed and amplified using a one-tube RT-PCR system as previously described (Saiz et al., 1997 ; Iba! n4 ez et al., 1998) . Briefly, the RT-PCR mixture contained 10 pmol sense and antisense oligonucleotides, 200 µM dNTPs, 1n5 mM MgCl # , 10 mM Tris-HCl pH 8n3, 50 mM KCl, 0n01 % gelatine, 10 U RNase inhibitor (Promega), 2n5 U AMV reverse transcriptase (Promega) and 1n5 U Taq DNA polymerase (Gibco-BRL) in a total reaction volume of 100 µl. The samples were incubated for 30 min at 42 mC followed by : one cycle of denaturation at 94 mC for 2 min ; 30 cycles of denaturation at 94 mC for 30 s, annealing at 55 mC for 30 s and extension at 72 mC for 30 s ; and a final extension at 72 mC for 8 min. A 5 µl aliquot was reamplified in a 50 µl reaction mixture containing 10 pmol sense and antisense inner oligonucleotides and 1n25 U Taq DNA polymerase. Cycling parameters were as follows : one cycle of denaturation at 94 mC for 2 min ; 30 cycles of denaturation at 94 mC for 30 s, annealing at 55 mC for 30 s and extension at 72 mC for 30 s ; and a final extension at 72 mC for 8 min. All PCRs were run with negative controls and procedures to prevent sample contamination were carried out. To verify amplification and to estimate product yield, 1\20 of the nested PCR mixture was run on a 1n5 % agarose gel. PCR products were purified by using the Qiaquick spin PCR purification kit (Qiagen).
PCR amplification of a portion of the 5h NC region was performed with oligonucleotides 5UTR1 (sense ; 5h GCCCCAGAAACCGA-CGCCTA 3h, nt positions 44-63) and 5UTR4 (antisense ; 5h CAACT-CGCCGGCTAAGCCTATTGGTC 3h, nt positions 365-390). Secondround PCR was carried out with nested oligonucleotides 5UTR2 (sense ; 5h AGGTGGTGGATGGGTGATG 3h, nt positions 110-128) and oligonucleotides 5UTR3 (antisense ; 5h GAGACATTGAAGGGCG-ACGTG 3h, nt positions 341-361). PCR amplification of a portion of the NS3 region was performed with oligonucleotides GNS3-1 (sense ; 5h GACGTTGGTGAGATTCCCTT 3h, nt positions 4257-4276) and GNS3-2 (antisense ; 5h GTAATGGTGGGATCAAGGGT 3h, nt positions 4542-4276). Second-round PCR was carried out with nested oligonucleotides GNS3-3 (sense ; 5h GGTGGAATTCCCTTTTATGG 3h, nt positions 4263-4282, EcoRI restriction site underlined) and GNS3-4 (5h GGTGGGATCCAGGGTCACCT 3h, nt positions 4537-4556, BamHI restriction site underlined). Nucleotide positions are numbered according to that of HGV strain reported by Linnen et al. (1996) .
Sequencing and sequence analysis. Purified PCR products were directly sequenced on an ABI 310 sequencer with the ABI sequencing ready reaction kit (Perkin-Elmer). Sequencing oligonucleotides for the 5h NC region were 5UTR2 and 5UTR3 and those for the NS3 region were GNS3-3 and GNS3-4. Sequence editing was performed with the Sequence Navigator program (Applied Biosystems).
Sequences were aligned using CLUSTAL W (Thompson et al., 1994) . Phylogenetic reconstructions were generated with the neighbour-joining method in the Phylogeny Inference Package (PHYLIP ; Felsenstein, 1988 Felsenstein, , 1995 , with a Kimura two-parameter distance matrix and a ratio of transition to transversion of 2.0 (programs DNADIST and NEIGH-BOUR). Bootstrap resampling (Felsenstein, 1985) was applied to the neighbour-joining trees (programs SEQBOOT and CONSENSE) to assign approximate confidence limits to individual branches. The final graphical output was created with the TREEVIEW program (Page, 1996) . In order to increase confidence in the reconstructed phylogenies, phylogenetic analysis was also conducted by maximum-likelihood (DNAML program) (Felsenstein, 1995) .
Nucleotide sequence accession numbers. The HGV sequences reported in the present study have been submitted to GenBank under accession numbers AF077131-AF077184.
Results

Intersubject viral sequence variation
Mutant frequencies, relative to the corresponding consensus (average values from the present isolates), were calculated for both set of sequences, i.e. the 5h NC and NS3 regions. The NS3 region displayed a 4-fold larger mutant frequency [mean 0n9i10 −" substitutions per nucleotide (sub\ nt)] than the 5h NC region (mean 2n4i10 −# sub\nt) (Table 1) . Furthermore, substitutions within the 5h NC region were only found in 17 positions out of 206 sequenced. Therefore, substantial genetic diversity between subjects was observed in the DNA sequences from both viral regions, but it was more extensive in the NS3 region. Although the mutant frequency found within the NS3 coding region was relatively high, the amino acid sequence revealed that only 5 % of the nucleotide substitutions were non-silent mutations (Table 1) .
Pairwise comparisons between 5h NC and NS3 region sequences gave similarities of 93-100 % (mean 96n5 %) and 83-91 % (mean 85n4 %), respectively (Fig. 1) . Interestingly, most sequences differed from all others at a similar level of nucleotide distance in both DNA fragments.
Intrasubject viral sequence variation
A longitudinal study of eleven subjects was carried out to calculate the rate of evolution of HGV in vivo. Two time-point samples, taken 2-4 years apart (Table 2) , were sequenced in the 5h NC region. No substitutions were found during this period in nine of the subjects analysed. In two subjects (subjects 4 and 11), a single substitution was detected in isolates taken 37 and 24 months from the baseline, respectively. Hence, the substitution rate in this highly conserved 5h NC region was 1n3-2n4i10 −$ sub\nt\year (Table 2) . A more extensive analysis was performed in the NS3 region where isolates from three to four serial samples from each subject were sequenced. Only one individual showed no substitutions in this region during the period analysed. Likewise, no substitutions were found in the 5h NC region in this individual. Considering the other nine patients, the substitution rate within the NS3 region was 1n3-9n4i10 −$ sub\nt\year. In three subjects, some nucleotide substitutions were found to revert at a later time-point, suggesting that the rate of evolution might be larger. Two (11 %) of the 19 intrasubject substitutions found in this coding region were non-silent (Table 2) . For this comparison, the percentage of nucleotide distances was rounded off to the nearest whole number, and the total number of pairwise comparisons with a given similarity was represented as a histogram. For analysis within the 5h NC region (a) and NS3 region (b), each sequence was compared to every other sequence. , Intrasubject sequence variation ; , intersubject sequence variation.
Pairwise comparisons of sequences in the 5h NC and NS3 regions revealed similarities of 99-100 % (mean 99n8 % ; Fig.  1 a) and 98-100 % (mean 99n3 %), respectively (Fig. 1 b) . When compared with intersubject sequence variation, the intrasubject genetic divergence was 17n5-fold larger within the 5h NC region and 20n8-fold larger within the NS3 region.
Phylogenetic analysis
Phylogenetic reconstruction of all viral sequences of the two sequence regions studied from the eleven subjects were performed by using a Kimura two-parameter distance-matrix fed into neighbour-joining tree construction algorithm (Fig. 2) . Distinct clusters of sequences with high bootstrap values (100 % within the NS3 region and 89-100 % within the 5h NC region) corresponding to each subject were found. Two different topological patterns in the phylogenetic analysis of sequences from the two viral regions were observed. For the viral sequences obtained from the 5h NC region, three different groups were detected with bootstrap values of 96, 77 and 60 %, respectively (Fig. 2 a) . However, when the NS3 region was analysed, consistent topological patterns or clusters were not observed, i.e. low bootstrap values representing different sequence groups were found and all branches radiated from the same point (Fig. 2 b) . Recently, the existence of four major groups of HGV isolates, based on analysis of the 5h NC region sequences, has been described (Muerhoff et al., 1996 (Muerhoff et al., , 1997 . When representatives of these four genotypes were included in the 5h NC region tree (data not shown), it could not clearly be established to which genotype the three groups of sequences found in this study belonged.
Discussion
Previous studies have shown significant sequence diversity among different HGV isolates (Pickering et al., 1997 ; Viazov et al., 1997 ; Muerhoff et al., 1997 ; Khudyakov et al., 1997 ; Iba! n4 ez et al., 1998) , but there is a lack of data concerning the rate of intrasubject evolution. In the current study, we have characterized the viral sequence variation over time using plasma samples from different chronically infected HGV subjects. Sequences were determined by direct sequence analysis of PCR-amplified cDNA fragments, allowing detection of the consensus sequence of a population of genomes. Fig. 2 . Unrooted neighbour-joining tree of the 5h NC and NS3 regions. Unrooted neighbour-joining tree of (a) 21 HGV 5h NC region sequences and (b) 32 HGV NS3 region sequences. Branch lengths are drawn to scale. The scale bar corresponds to 1 % nucleotide sequence divergence. Numbers in italics represent bootstrap proportions in support of the adjacent node based on 100 resampling iterations, only bootstrap proportions greater than 70 % are shown. For each subject, the sample timepoints in months are shown after the subject number.
The finding that intersubject HGV nucleotide variation between isolates around the world (Pickering et al., 1997) was 10-30 % in the NS3 region (between 9-17 % in the present report) and that variation of HCV isolates is greater than 30 % (Simmonds et al., 1994) , has prompted a comparison between the rate of evolution of these two viruses. By comparing the complete HCV genome sequence of a single chronically infected individual at the acute stage and 13 years later, Ogata et al. (1991) estimated a rate of evolution of HCV 5h NC and NS3 regions of 0n6i10 −$ and 1n3i10 −$ sub\nt\year, respectively. This HCV rate of evolution is similar to that presented here for HGV (Table 2) . Recently, the experimental infection of two chimpanzees with HGV and the sequence of the complete genome after 77 weeks, revealed rates of evolution of 3n6i10 −% and 1n9i10 −$ sub\nt\year, respectively (Bukh et al., 1998) . In addition, the complete HGV genome sequence of two samples obtained 8n4 years apart from a single patient on maintenance haemodialysis showed a rate of evolution of 3n9i10 −% sub\nt\year . Because we have found nucleotide substitutions that reverted at a later point in three subjects, it should be pointed out that the substitution rate determinations over time in a single individual can be underestimated when only two timepoints are analysed.
The similar intrasubject rates of evolution found for HGV (this study) and HCV (Ogata et al., 1991) is intriguing since the HGV pattern of variation in separated coding and NC regions is very different from that of HCV (Muerhoff et al., 1997) . This distinct pattern of variation is reflected in the existence of several HCV types and subtypes. In contrast, the existence of different HGV genotypes is still controversial (Fukushi et al., 1996 ; Pickering et al., 1997 ; Viazov et al., 1997 ; Muerhoff et al., 1996 Muerhoff et al., , 1997 Okamoto et al., 1997 ; Smith et al., 1997 ; Khudyakov et al., 1997 ; Wang et at., 1997 ; Linnen et al., 1997 ; Iba! n4 ez et al., 1998) . Furthermore, the number of nonsynonymous substitutions throughout the HGV genome is much lower than that found in different isolates of HCV (Muerhoff et al., 1997) . Likewise, a high rate of synonymous substitutions was found in the present study within the NS3 region (Tables 1 and 2 ). This result suggests that, in this region, there is either a strong selection against non-synonymous substitutions or an absence of positive selection during interpatient virus transmission or interpatient virus propagation. In fact, virus genetic variability is generated mainly through random mutational events, but fixation of nonsynonymous changes in the consensus sequence will be dictated by environmental selective forces, by the stochastic generation of mutants more fit than their parental counterparts or by random sampling events (bottleneck transmission) (Holland et al., 1992 ; Domingo et al., 1996) .
It has been shown that a severe reduction in the CD4 count, which is considered to cause a decline in the activity of helper T-lymphocytes, may have induced changes in the composition of HCV populations (Toyoda et al., 1997) . Thus, the effects of immunosuppression caused by the reduction of CD4 activity could also affect the genetic evolution of the HGV in the patients analysed in this study, who were co-infected with HIV-1. However, the rates of intrasubject HGV genetic evolution shown here (Table 2) were not related to the immunological subject status nor to the presence of HCV, suggesting that co-infection with HIV-1 or HCV does not explain the genetic variation found over time between samples from the same individuals. Furthermore, the average rate of evolution within the HGV NS3 region in children born to women that were not infected with HIV was found to be 2n6i10 −$ sub\nt\year, which is very similar to that shown in the present report (C. Mene! ndez & J.-C. Saiz, unpublished work).
As with HCV, the 5h NC region in HGV was more conserved than the NS3 region ( Fig. 1 ; Tables 1 and 2 ). In addition, most of the mutations found on the 5h NC region are confined to specific positions. These constrictions are probably due to the presence of an internal ribosomal entry site structure with very tight functional requirements (Simons et al., 1996) . Moreover, while phylogenetic reconstruction of the HGV NS3 sequences obtained in the present study (Fig. 2 b) does not support the existence of different genotypes in our geographic area, phylogenetic analysis of the 5h NC region, although presenting smaller genetic distances (Fig. 1) , could agree with the presence of more than one HGV genotype among our samples (Fig. 2 a) . As mentioned at the beginning of this report, HGV is not clearly implicated in liver pathogenesis (Alter et al., 1997 ; Pessoa et al., 1998 ; Guilera et al., 1998) and therefore, its different genetic evolution compared to that of HCV might be a consequence of a different interaction with the host.
In conclusion, a significant HGV genetic heterogeneity was observed between different patients. The genetic diversity detected within individuals showed that the evolution rate of HGV, in the regions analysed, is not significantly different from that found in HCV.
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